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Lipoprotein lipase (LPL) catalyzes the breakdown of circulat-
ing triglycerides in muscle and fat. LPL is inhibited by several
proteins, including angiopoietin-like 4 (ANGPTL4), and may be
cleaved by members of the proprotein convertase subtilisin/
kexin (PCSK) family. Here, we aimed to investigate the cleavage
of LPL in adipocytes by PCSKs and study the potential involve-
ment of ANGPTL4. A substantial portion of LPL in mouse and
human adipose tissue was cleaved into N- and C-terminal frag-
ments. Treatment of different adipocytes with the PCSK inhib-
itor decanoyl-RVKR-chloromethyl ketone markedly decreased
LPL cleavage, indicating that LPL is cleaved by PCSKs. Silencing
of Pcsk3/furin significantly decreased LPL cleavage in cell cul-
ture medium and lysates of 3T3-L1 adipocytes. Remarkably,
PCSK-mediated cleavage of LPL in adipocytes was diminished
by Angptl4 silencing and was decreased in adipocytes and adi-
pose tissue of Angptl4�/� mice. Differences in LPL cleavage
between Angptl4�/� and WT mice were abrogated by treatment
with decanoyl-RVKR-chloromethyl ketone. Induction of
ANGPTL4 in adipose tissue during fasting enhanced PCSK-me-
diated LPL cleavage, concurrent with decreased LPL activity, in
WT but not Angptl4�/� mice. In adipocytes, after removal of cell
surface LPL by heparin, levels of N-terminal LPL were still
markedly higher in WT compared with Angptl4�/� adipocytes,
suggesting that stimulation of PCSK-mediated LPL cleavage by
ANGPTL4 occurs intracellularly. Finally, treating adipocytes
with insulin increased full-length LPL and decreased N-termi-
nal LPL in an ANGPTL4-dependent manner. In conclusion,
ANGPTL4 promotes PCSK-mediated intracellular cleavage of
LPL in adipocytes, likely contributing to regulation of LPL in
adipose tissue. Our data provide further support for an intracel-
lular action of ANGPTL4 in adipocytes.

Elevated levels of plasma triglycerides are increasingly recog-
nized as an important causal risk factor for coronary artery
disease (1). Plasma triglyceride levels are determined by the
balance between the secretion of triglycerides by the liver and
small intestine and the clearance of triglycerides in muscle and

fat tissue. The rate of triglyceride clearance is determined by the
enzyme lipoprotein lipase (LPL),4 which catalyzes the hydroly-
sis of triglycerides at the capillary endothelium (2). LPL is
produced by myocytes and adipocytes and is transported
toward the endothelial cell surface by the protein GPIHBP1
(glycosylphosphatidylinositol-anchored high-density lipoprotein–
binding protein 1) (3). To match the tissue uptake of fatty acids
in accordance with the local needs, the activity of LPL is tightly
regulated, primarily at the post-translational level (4).

Angiopoietin-like 3 (ANGPTL3), angiopoietin-like 4
(ANGPTL4), and angiopoietin-like 8 (ANGPTL8) are three
members of the angiopoietin-like protein family that are
involved in the post-translational regulation of LPL (5).
ANGPTL3 and ANGPTL8 are secreted by the liver as hepato-
kines and cooperate to inhibit the activity of LPL in oxidative
tissues, such as heart and brown fat, with a primary action in the
fed state (6 –9). By contrast, ANGPTL4 is produced by several
tissues and appears to mainly function locally in a tissue-spe-
cific manner (5). Studies have shown that ANGPTL4 plays a
major role in the regulation of LPL activity during various phys-
iological conditions, such as exercise, fasting, and cold exposure
(10 –12). ANGPTL4 inactivates LPL by promoting the unfold-
ing of the protein, leading to the conversion of the catalytically
active LPL dimer into inactive monomers (13, 14). Although
ANGPTL4 is able to inhibit LPL activity in the subendothelial
spaces and on the endothelial surface (15, 16), recently, we pro-
vided evidence that ANGPTL4 and LPL also interact intracel-
lularly, causing the degradation of LPL (17). However, the spe-
cific steps involved in the intracellular degradation of LPL by
ANGPTL4 remain unclear.

Members of the proprotein convertase subtilisin/kexin
(PCSK) protein family (PCSK1–7, SKI-1/S1P, and PCSK9) are
calcium-dependent serine endopeptidases that convert pro-
proteins into their active forms by cleavage (18, 19). PCSK1–7
recognize and cleave substrates at specific lysine- and/or argi-
nine-containing basic amino acid sequences (18). Despite over-
lap in substrate recognition, their functions are tissue-specific
and dependent on their cellular localization. For example,
PCSK3 (furin) is primarily found in the trans-Golgi network, in
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and PCSK6 (PACE4) are primarily present on the cell surface
(19). PCSKs have been repeatedly implicated in the regulation
of lipoprotein metabolism. The best-known example is PCSK9,
which raises plasma low-density lipoprotein (LDL) cholesterol
levels. Specifically, PCSK9 promotes the degradation of the
LDL receptor in endosomes/lysosomes, resulting in a reduced
clearance of LDL cholesterol (20). Other examples include the
cleavage of ANGPTL3 and ANGPTL4 by PCSKs in vitro and in
vivo (21–24). Interestingly, it has been demonstrated that LPL is
also subject to cleavage by PCSKs, at least in vitro (25, 26).
Specifically, a cleavage site was identified at residues 321–324,
which is in the middle of a stretch of 60 amino acids that is 100%
conserved between mouse and human LPL (26), yielding an N-
and C-terminal LPL cleavage fragment. However, to what
extent LPL is cleaved in vivo in adipocytes has remained
unclear. In addition, the potential role of ANGPTL4 has not
been investigated. Accordingly, the aim of the present study
was to investigate the mechanism underlying the cleavage of
LPL in adipocytes and to explore the potential role of
ANGPTL4.

Results

LPL is cleaved in human and mouse adipose tissue

To examine whether LPL is cleaved in vivo in white adipose
tissue, we performed Western blotting for LPL in human adi-
pose tissue using antibodies directed against the N- or C-termi-
nal portion of human LPL (27). Both antibodies gave rise to two
bands, corresponding to full-length LPL (slightly above 50
kDa), and the N-terminal or C-terminal LPL cleavage fragment
at around 30 kDa or 20 –25 kDa, respectively (Fig. 1A). These
data indicate that LPL is cleaved in human adipose tissue. Using
two different antibodies directed against the C-terminal part of
human LPL, it was observed that treatment with endoglycosi-

dase H (EndoH), an enzyme that cleaves asparagine-linked
mannose-rich oligosaccharides, did not alter the migration of
full-length and C-terminal LPL (Fig. 1B). By contrast, treatment
with PNGase, which removes most N-linked oligosaccharides,
altered the migration of full-length LPL but not C-terminal LPL
(Fig. 1B). Adipose tissue of different human subjects always
showed a substantial proportion of LPL in the truncated form
(Fig. 1C). Similarly, using an antibody directed against the
N-terminal portion of mouse LPL, immunoblotting of mouse
adipose tissue yielded two bands, corresponding to full-length
LPL and the N-terminal LPL cleavage fragment) (Fig. 1D) (28).
Whereas part of mouse full-length LPL changed migration after
treatment with EndoH, the N-terminal LPL cleavage product
did not change migration. Treatment with PNGase altered the
migration of both full-length and N-terminal LPL (Fig. 1D).
LPL was also found to be cleaved in mouse heart but not in
mouse bone marrow– derived macrophages (Fig. 1E). Overall,
these data indicate that 1) LPL is cleaved into N- and C-termi-
nal cleavage fragments in human and mouse adipose tissue and
2) human and mouse LPL is glycosylated in the N-terminal
region (26, 29, 30, 31).

LPL is cleaved in adipose tissue by PCSKs

Previously, members of the PCSK family were suggested to
cleave LPL at residues 321–324 to yield nearly complete N-ter-
minal and C-terminal domains (26). To examine whether the
observed N-terminal LPL was the result of PCSK-mediated
cleavage, mature 3T3-L1 and 3T3-F442a adipocytes as well as
primary adipocytes and white adipose tissue explants from
mice were treated with the inhibitor decanoyl-RVKR-chlorom-
ethyl ketone (dec-CMK) to block PCSK activity (32). In all adi-
pocyte models, incubation with dec-CMK resulted in the
almost complete disappearance of N-terminal LPL in cell cul-

Figure 1. Cleavage of LPL in human and mouse adipose tissue. A, Western blotting of lysates of human adipose tissue using antibodies against the
N-terminal (Y-20) and C-terminal (88b8) portion of hLPL. B, Western blotting of lysates of human adipose tissue treated with EndoH or PNGase, using two
different antibodies against hLPL, 88b8, and 5D2 (27). C, Western blotting of lysates of human adipose tissue of different subjects enrolled in the MONDIAL
study, using an antibody against hLPL (88b8). D, Western blotting of lysates of mouse adipose tissue treated with EndoH or PNGase, using an antibody against
mLPL (28). E, Western blotting of lysates of mouse heart and bone marrow– derived macrophages. Molecular weight markers are indicated. l.e., long exposure;
s.e., short exposure.
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ture medium and cell lysates, indicating that LPL is cleaved by
PCSKs in adipocytes (Fig. 2).

PCSK3 is expressed in adipose tissue and cleaves adipocyte
LPL

To assess whether adipocyte LPL is cleaved by PCSKs intra-
cellularly and/or upon secretion, we treated 3T3-L1 adipocytes
with heparin to release LPL bound to heparin sulfate proteogly-
cans (HSPGs) from the cell surface. As expected, heparin treat-
ment resulted in a pronounced increase of LPL in the cell cul-
ture medium, along with a reduction of LPL in the cell lysates
(Fig. 3). In line with the notion that binding of LPL to HSPG is
mainly mediated by C-terminal and not N-terminal LPL (29,
33), heparin did not influence the amount of N-terminal LPL in
the cell culture medium and cell lysates (Fig. 3). These data
indicate that little or no N-terminal LPL is bound to HSPGs on
the cell surface and that N-terminal LPL in cell lysates must
originate from intracellular LPL cleavage, from where it is
secreted.

Given that LPL is cleaved intracellularly by PCSKs, a prom-
ising candidate that may catalyze LPL cleavage in adipocytes is
PCSK3, as PCSK3 is activated and active intracellularly in the
trans-Golgi (19). Expression profiling showed that PCSK3 is
most highly expressed in liver and kidney, with comparatively
low but clearly detectable PCSK3 expression in adipose tissue
(Fig. 4A). To assess whether PCSK3 might be involved in LPL
cleavage in adipocytes, we silenced Pcsk3 in mature 3T3-L1
adipocytes by means of siRNA. siRNA-mediated silencing
resulted in a 90% reduction in Pcsk3 expression levels (Fig. 4B).
In line with a role for PCSK3 in LPL cleavage, silencing of Pcsk3
significantly reduced the amount of LPL cleavage in cell culture
medium and cell lysates (Fig. 4C). These data are in line with a
previous finding that PCSK3 is able to cleave LPL in a stable
HEK293 cell line expressing LPLmyc (26).

N-terminal LPL is cleared by the lysosomes

Previously, PCSK-mediated cleavage was shown to promote
the inactivation of endothelial lipase, a family member of LPL
(26). Similarly, cleavage of LPL by PCSKs might also serve to
inactivate LPL (26). To assess the fate of cleaved LPL and to

study whether it may be further subject to lysosomal degrada-
tion in adipocytes, we incubated mature 3T3-L1 adipocytes and
primary adipocytes with bafilomycin A1 (BafA1) to inhibit lys-
osomal degradation. In agreement with previous studies, treat-
ment of adipocytes with BafA1 significantly increased protein
levels of full-length LPL in cell lysates and to a lesser extent in
the cell culture medium (Fig. 5, A and B) (34). Interestingly, in
both 3T3-L1 and primary adipocytes, BafA1 also increased the
amount of N-terminal LPL in cell lysates and medium, suggest-
ing that at least part of the N-terminal LPL is cleared by lyso-
somes (Fig. 5, A and B). The increase in LPL protein abundance
in primary and 3T3-L1 adipocytes upon BafA1 treatment can-
not be attributed to an increase in Lpl mRNA (Fig. 5, C and D).

ANGPTL4 promotes PCSK-mediated cleavage of adipocyte LPL

An important regulator of LPL in adipose tissue is
ANGPTL4. Indeed, ANGPTL4 is highly abundant in mouse
adipose tissues, where it exists as a glycosylated protein (Fig.
6A). Treatment with PNGase, which removes most N-linked
glycans, and a protein deglycosylation mix, which removes
N-linked glycans as well as simple and some complex O-linked

Figure 2. LPL is cleaved by PCSKs in adipocytes. Shown are Western blots of cell culture medium (top panels) and cell lysates (bottom panels) of mature 3T3-L1
adipocytes, mature 3T3-F442a adipocytes, primary adipocytes differentiated from the stromal vascular fraction of adipose tissue from mice, and adipose tissue
explants from mice that were treated with 50 �M dec-CMK for 9 h. Western blots were probed with antibodies against mLPL and HSP90 (as loading control).
Coomassie Blue staining was performed as loading control for cell culture medium, primary adipocytes, and white adipose tissue (WAT) explants. FL, full-length;
N-ter, N-terminal.

Figure 3. N-terminal LPL cannot be released from the cell surface by hep-
arin. Shown are Western blots of cell culture medium (left) or cell lysates
(right) of mature 3T3-L1 adipocytes that were treated with 10 IU/ml heparin
for 20 min. Western blots were probed with antibodies against mLPL and
HSP90 (as loading control). Coomassie Blue staining was performed as load-
ing control for cell culture medium. l.e., long exposure; s.e., short exposure. FL,
full-length; N-ter, N-terminal.
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glycans, altered the mobility of ANGPTL4, indicating removal
of carbohydrate side chains (Fig. 6A). However, EndoH,
which removes N-linked mannose-rich glycans, had no effect,
suggesting that most of the carbohydrate side chains on
ANGPTL4 contain complex sugars (22). Recently, we found
that ANGPTL4 promotes the intracellular degradation of LPL
in adipocytes (17). To explore the connection between PCSK-
mediated cleavage of LPL and ANGPTL4-induced LPL degra-
dation, we investigated whether ANGPTL4 is able to enhance
PCSK-mediated LPL cleavage. To that end, we assessed the effect
of siRNA-mediated Angptl4 silencing on LPL cleavage in
3T3-L1 adipocytes. The �80% reduction in Angptl4 mRNA

(Fig. 6B) was accompanied by a marked decrease in N-terminal
LPL in 3T3-L1 cell lysate and a modest increase in full-length
LPL in cell lysates and medium (Fig. 6C). These results suggest
that ANGPTL4 may promote LPL cleavage in adipocytes. To
further investigate this notion, we determined the accumula-
tion of N-terminal LPL in adipose tissue of Angptl4�/� and WT
mice. Corroborating our previous findings, levels of full-length
LPL were notably higher in adipose tissue of Angptl4�/� mice
compared with WT mice (Fig. 7A) (17). Consistent with a stim-
ulatory effect of ANGPTL4 on cleavage of LPL, levels of N-
terminal LPL were significantly lower in adipose tissue of
Angptl4�/� mice (Fig. 7A). Of note, LPL activity was signifi-

Figure 4. PCSK3 is well-expressed in adipose tissue and cleaves adipocyte LPL. A, Pcsk3 mRNA levels in different tissues from C57BL/6 mice (n � 4). B, Pcsk3
mRNA levels in fully differentiated 3T3-L1 adipocytes that were trypsinized, replated at 70% confluence, and treated with siPcsk3 or siCtrl for 48 h. **,
significantly different from siCtrl according to Student’s t test; p � 0.01. C, Western blots of cell culture medium (left) and cell lysates (right) of fully differentiated
3T3-L1 adipocytes that were trypsinized, replated at 70% confluence, and treated with siPcsk3 or siCtrl for 48 h. Western blots were probed with antibodies
against mLPL and HSP90 (as loading control). Coomassie Blue staining was performed as loading control for cell culture medium. FL, full-length; N-ter,
N-terminal. Error bars, S.E.

Figure 5. N-terminal LPL is cleared by the lysosomes. A, Western blots of cell culture medium (left) and cell lysates (right) of mature 3T3-L1 adipocytes that
were treated with 100 nM bafilomycin A1 (BafA1) for 10 h. B, Western blots of cell culture medium (left) and cell lysates (right) of primary adipocytes differen-
tiated from the stromal vascular fraction of adipose tissue that were treated with 100 nM bafilomycin A1 for 10 h. Western blots were probed with antibodies
against LPL and HSP90. Coomassie Blue staining was performed as loading control for cell culture medium. C, Lpl mRNA in mature 3T3-L1 adipocytes treated
with 100 nM bafilomycin A1 for 10 h. D, Lpl mRNA in primary mouse adipocytes treated with 100 nM bafilomycin A1 for 10 h. FL, full-length; N-ter, N-terminal.
Error bars, S.D.
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cantly higher in adipose tissue of Angptl4�/� mice compared
with WT mice, confirming the increase in full-length LPL pro-
tein (Fig. 7B).

To examine whether levels of N-terminal LPL respond to
changes in endogenous ANGPTL4 production, we measured
ANGPTL4 and LPL under conditions of fasting/refeeding.
Samples were treated with EndoH to distinguish between
EndoH-resistant LPL (LPL in the Golgi and the cell surface) and
EndoH-sensitive LPL (LPL in the ER). As previously observed
(17, 35), ANGPTL4 levels in white adipose tissue were elevated
in the fasted state compared with the refed state (Fig. 7C),
which was accompanied by a decrease in full-length (EndoH-
resistant) LPL and an increase in N-terminal LPL (Fig. 7D).
Strikingly, levels of N-terminal LPL were lower in Angptl4�/�

mice. Moreover, the difference in levels of N-terminal LPL
between the fasted and refed state was abolished in Angptl4�/�

mice (Fig. 7D).
To further understand the mechanism underlying the differ-

ential abundance of N-terminal LPL in adipose tissue of WT
and Angptl4�/� mice, we shifted our experiments to primary
adipocytes. Similar to whole adipose tissue, primary adipocytes
of Angptl4�/� mice also showed higher levels of full-length LPL
and lower levels of N-terminal LPL as compared with WT adi-
pocytes (Fig. 8A). Treatment with the PCSK inhibitor dec-
CMK abrogated these differences, indicating that PCSK-medi-
ated LPL cleavage mediates the differences in N-terminal LPL
between Angptl4�/� and WT mice (Fig. 8B). To investigate
whether stimulation of PCSK-mediated LPL cleavage by
ANGPTL4 may initiate the complete degradation of LPL, we
treated primary adipocytes with cycloheximide to arrest pro-

tein synthesis and measured the decline in full-length and
N-terminal LPL by Western blotting. The rate of decline of
N-terminal LPL and to a lesser extent full-length LPL was notably
lower in Angptl4�/� adipocytes than in WT adipocytes, indicating
that ANGPTL4 accelerates the degradation of LPL (Fig. 8C).
These data suggest that induction of PCSK-mediated LPL cleavage
by ANGPTL4 is part of the degradation pathway of LPL.

Induction of PCSK-mediated LPL cleavage by ANGPTL4 occurs
intracellularly

Finally, to unequivocally establish that stimulation of PCSK-
mediated LPL cleavage by ANGPTL4 occurs intracellularly, we
determined the levels of full-length and N-terminal LPL in
medium and lysate of WT and Angptl4�/� adipocytes treated
with heparin for 20 min. As shown previously (17), the heparin-
induced release of full-length LPL into the medium was higher
in Angptl4�/� than in WT adipocytes (Fig. 9A). In concordance
with these data, the reduction in cellular LPL content by hepa-
rin was more pronounced in Angptl4�/� than in WT adi-
pocytes. Consistent with the inability of N-terminal LPL to bind
to HSPG, heparin treatment did not cause any release of N-ter-
minal LPL into the medium. Importantly, even after removal of
the heparin-releasable pool of LPL, the levels of N-terminal LPL
were still markedly higher in WT than in Angptl4�/� adi-
pocytes (Fig. 9B). These data indicate that the stimulation of
PCSK-mediated LPL cleavage by ANGPTL4 happens inside the
cell and not on the cell surface.

As a final experiment, we studied the effect of insulin. Injec-
tion of insulin was previously shown to decrease Angptl4
mRNA and increase LPL activity in adipose tissue of rats (12).
To study whether down-regulation of Angptl4 by insulin leads
to corresponding changes in the different LPL forms, we
treated primary adipocytes with insulin and determined the
levels of full-length and N-terminal LPL in the lysates. Insulin
reduced Angptl4 mRNA in primary adipocytes by about 50%
and did not have a noticeable effect on Lpl and Pcsk3 mRNA
(Fig. 10A). Interestingly, whereas insulin treatment increased
levels of full-length LPL, it modestly decreased levels of N-ter-
minal LPL (Fig. 10B). These effects were observed specifically in
WT adipocytes, but not Angptl4�/� adipocytes. The increase in
full-length LPL in response to insulin and in Angptl4�/� adi-
pocytes was accounted for by an increase in EndoH-resistant
LPL (Fig. 10C). These data indicate that the down-regulation of
Angptl4 by insulin in adipocytes leads to reduced LPL cleavage.

Discussion

Little is known about the cleavage of LPL in adipocytes. Here,
we provide in vitro and in vivo evidence that LPL undergoes
substantial cleavage in mouse and human adipocytes to yield N-
and C-terminal fragments. The cleavage of LPL in adipocytes is
at least partly mediated by PCSK3 (furin) and likely represents
an initial step in the intracellular degradation of LPL. Impor-
tantly, we find that ANGPTL4 stimulates the intracellular
cleavage of LPL by PCSKs. Induction of ANGPTL4 levels in
adipose tissue during fasting enhanced PCSK-mediated LPL
cleavage, concurrent with decreased LPL levels and activity,
suggesting that stimulation of LPL cleavage by ANGPTL4 con-
tributes to suppression of LPL levels in adipocytes during fast-

Figure 6. Angptl4 silencing reduces LPL cleavage. A, Western blotting of
lysate of inguinal white (iWAT), gonadal white (gWAT), and interscapular
brown (BAT) adipose tissue treated with protein deglycosylation mix (PDM),
EndoH, or PNGase, using an antibody against mANGPTL4. B, Lpl and Angptl4
mRNA levels in fully differentiated 3T3-L1 adipocytes that were treated with
siAngptl4 or siCtrl for 48 h. **, significantly different from siCtrl according to
Student’s t test; p � 0.01. C, Western blots of cell culture medium and cell
lysates of mature 3T3-L1 adipocytes that were treated with siAngptl4 or siCtrl
for 48 h, using an antibody against mLPL. Coomassie Blue staining served as
loading control. l.e., long exposure; s.e., short exposure. FL, full-length; N-ter,
N-terminal. Error bars, S.D.
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Figure 8. ANGPTL4 promotes PCSK-mediated cleavage of adipocyte LPL. A, Western blotting of cell lysates of primary adipocytes differentiated from the
stromal vascular fraction of adipose tissue from Angptl4�/� and WT mice, using an antibody against mLPL. Coomassie Blue staining was performed as loading
control. B, Western blots of cell culture medium (top panels) and cell lysates (bottom panels) of primary adipocytes differentiated from the stromal vascular
fraction of adipose tissue from Angptl4�/� and WT mice that were treated with 50 �M dec-CMK for 9 h. Western blots were probed with antibodies against mLPL
and HSP90. Coomassie Blue staining was performed as loading control for cell culture medium. C, Western blotting of cell lysates of primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue from Angptl4�/� and WT mice. Adipocytes were treated with cycloheximide (Cyclo) for 0, 30,
or 60 min. Adipocyte lysates were treated with EndoH. Western blots were probed with antibodies against mLPL and HSP90. R, EndoH-resistant LPL (complex
oligosaccharides: Golgi and cell surface LPL). S, EndoH-sensitive LPL (high-mannose oligosaccharides, ER LPL). l.e., long exposure; s.e., short exposure. FL,
full-length; N-ter, N-terminal.

Figure 7. ANGPTL4 regulates LPL cleavage in adipose tissue during fasting. A, Western blotting of cell lysates of gonadal adipose tissue (gWAT) from
Angptl4�/� and WT mice, using an antibody against mLPL. Coomassie Blue staining was performed as loading control. B, LPL activity in gonadal adipose tissue
of Angptl4�/� mice (n � 7) and WT mice (n � 14). ***, significantly different from Angptl4�/� mice according to Student’s t test (p � 0.001). Samples were from
ad libitum fed mice. C, Western blotting of cell lysates of gonadal adipose tissue of fasted and refed WT mice treated with protein deglycosylation mix (PDM),
EndoH, or PNGase, using an antibody against mANGPTL4. D, Western blotting of cell lysates of gonadal adipose tissue of fasted and refed Angptl4�/� and WT
mice treated with EndoH, using an antibody against mLPL. Separate boxes for Angptl4�/� and WT mice indicates that all samples were run on the same gel with
the same exposure time but that intermediate lanes were removed. Part of this Western blotting at different exposure has been published previously (17). R,
EndoH-resistant LPL (complex oligosaccharides: Golgi and cell surface LPL). S, EndoH-sensitive LPL (high-mannose oligosaccharides, ER LPL). l.e., long expo-
sure; s.e., short exposure. FL, full-length; N-ter, N-terminal. Error bars, S.E.
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ing. Conversely, suppression of ANGPTL4 by insulin in adi-
pocytes reduced PCSK-mediated LPL cleavage, concurrent
with increased LPL levels. Induction of PCSK-mediated LPL
cleavage by ANGPTL4 occurs inside the cell, thereby provid-
ing further support for an intracellular mode of action of
ANGPTL4 in adipocytes.

ANGPTL4 is a well-established inhibitor of LPL that medi-
ates the reduction in LPL activity in adipose tissue during fast-
ing (12, 36). Through this action, ANGPTL4 reduces uptake of
plasma triglyceride– derived fatty acids into adipose tissue dur-
ing fasting, thereby raising plasma triglyceride levels (12, 36).
Genetic studies strongly support a role of ANGPTL4 in regu-
lating LPL activity in humans (37, 38). Specifically, carriers of an
inactivating variant of the ANGPTL4 gene have lower plasma
triglyceride levels than noncarriers and a lower risk of coronary
artery disease (37, 38). At the biochemical level, ANGPTL4 pro-
motes the unfolding of LPL (14), leading to the dissociation of
the catalytically active, dimeric form of LPL to catalytically
inactive monomers (13). Previously, we showed that ANGPTL4
and LPL interact already before being secreted by the cell, at
least in adipocytes, causing the intracellular degradation of LPL
(17). Specifically, we observed that Angptl4�/� adipocytes

secrete markedly more LPL compared with WT adipocytes.
Our studies also indicated that the increase in ANGPTL4 pro-
tein during fasting diverts LPL away from secretion toward deg-
radation, strongly suggesting that ANGPTL4 is the long sought
after factor responsible for the redistribution of LPL mass
in adipocytes during fasting (39). The data in the present
paper suggest that induction of LPL cleavage in adipocytes by
ANGPTL4 represents an intermediate stage in the degradation
pathway of LPL triggered by ANGPTL4 and activated during
fasting (Fig. 11). As a consequence, less LPL is available for
transport to the endothelium to carry out the hydrolysis of cir-
culating triglycerides. At the molecular level, it can be hypoth-
esized that the ANGPTL4-induced unfolding of LPL and disso-
ciation of LPL dimers unmasks the PCSK cleavage site at
residues 321–324, thereby rendering LPL more susceptible to
cleavage and subsequent degradation (13, 14, 26).

Besides being subject to further intracellular degradation, the
N- and C-terminal LPL cleavage fragments can also be secreted
(17). It is possible that C-terminal LPL is retained on the cell
surface via HSPG. This is not the case for N-terminal LPL,
which lacks the ability to bind HSPG. Cleavage of LPL may also
occur extracellularly (25, 26) (Fig. 11).

Figure 9. ANGPTL4 promotes LPL cleavage inside adipocytes. Shown are Western blots of cell culture medium (A) and cell lysates (B) of primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue from Angptl4�/� and WT mice treated with 10 IU/ml heparin for 20 min. Western blots were
probed with antibodies against mLPL and HSP90. Coomassie Blue staining was performed as loading control for cell culture medium. l.e., long exposure; s.e.,
short exposure. FL, full-length; N-ter, N-terminal.

Figure 10. Down-regulation of Angptl4 by insulin reduces LPL cleavage. A, expression of Angptl4 and Lpl in primary mouse adipocytes treated with insulin
(500 nM) for 12 h. **, significantly different from control according to Student’s t test; p � 0.01. B, Western blotting of cell lysates of primary adipocytes
differentiated from the stromal vascular fraction of adipose tissue from WT and Angptl4�/� mice treated with 500 nM insulin for 12 h. C, Western blotting of cell
lysates of primary adipocytes differentiated from the stromal vascular fraction of adipose tissue from WT and Angptl4�/� mice treated with 500 nM insulin for
12 h. Adipocyte lysates were treated with EndoH. Western blots were probed with antibodies against mLPL. Coomassie Blue staining was performed as loading
control. R, EndoH-resistant LPL (complex oligosaccharides: Golgi and cell surface LPL). S, EndoH-sensitive LPL (high-mannose oligosaccharides, ER LPL). FL,
full-length; N-ter, N-terminal. Error bars, S.D.
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As indicated above, the induction of PCSK-mediated LPL
cleavage by ANGPTL4 occurs intracellularly, strengthening the
notion that ANGPTL4 is able to act inside the cell. Preliminary
evidence from our group indicates that ANGPTL4 may also
influence the secretion of other proteins. There is evidence that
the intracellular mode of action of ANGPTL4 extends to
ANGPTL3 as well (40) and as such may provide a new mecha-
nistic framework underlying certain functional properties of
this class of proteins.

Interestingly, a previous report indicated that liver-derived
ANGPTL3 also enhances the cleavage of LPL, possibly by serv-
ing as a cofactor for PCSKs (25). This action was suggested to
lead to inactivation of LPL and the release of LPL from the
endothelial cell surface. Because ANGPTL3 and LPL are not
produced in the same cell, the effect of ANGPTL3 on PCSK-
mediated LPL cleavage is likely extracellular. A previous study
in the Huh7 human liver cell line hinted at a similar stimulatory
effect on LPL cleavage by ANGPTL4 (21). Together, these data
suggest that induction of PCSK-mediated LPL cleavage may be
a common property of ANGPTL3 and ANGPTL4. An interest-
ing twist to the story is that PCSKs not only cleave LPL but also
ANGPTL4 and ANGPTL3, releasing their N-terminal domain
(21, 22, 24, 41). Because the N-terminal domains of ANGPTL4
and ANGPTL3 mediate the inhibition of LPL, the cleavage of
ANGPTL4 and ANGPTL3 may potentiate LPL inhibition.
Altogether, these data raise the possibility that PCSKs might
reduce LPL activity by two complementary cleavage mecha-
nisms (21, 24).

We found that PCSK3 is for a large part responsible for the
intracellular cleavage of LPL in mouse adipocytes. Previously,
PCSK3 was already found to be the primary convertase respon-
sible for cleavage of endothelial lipase in hepatocytes (24). In
contrast to PCSK3, which localizes to the trans-Golgi and the
endosomes, other PCSKs, such as PCSK5 (PC5/6) and PCSK6
(PACE4), are mainly activated and present on the cell surface,
anchored to HSPGs (19). Similar to PCSK3, PCSK5 and PCSK6
are widely expressed, recognize similar target sequences, and

share multiple target proteins (19). Hence, it is possible that the
observed extracellular cleavage of LPL, leading to the release of
cleavage products in the cell culture medium, partly reflects the
action of PCSK5 and PCSK6. Indeed, in vitro transfection stud-
ies have shown that LPL can also be cleaved by PCSK5 and
PCSK6 (26, 25). Interestingly, in our experiments, PCSK inhi-
bition did not lead to an increase in full-length LPL. The reason
remains unclear.

An interesting question concerns the rationale behind
PCSK3-mediated cleavage of LPL. PCSK3 catalyzes the matu-
ration of a variety of proproteins, including growth factors and
pathogen-recognizing proteins (42), and is essential for proper
embryonal development (43). Whereas the action of PCSK3
toward certain proproteins results in their activation, the
PCSK-mediated cleavage of endothelial lipase results in
the inactivation of the protein (24, 26). Similarly, it is likely that
the PCSK3-mediated cleavage of LPL serves to inactivate LPL
rather than to activate LPL. Consistent with this notion, cleaved
LPL products that were found in human pre-heparin plasma
had little LPL activity (44). Furthermore, mutations G409R and
E410V in the human LPL gene that are characterized by
enhanced cleavage of LPL in vitro cause a severe chylomicrone-
mia (45). Our data support the idea that PCSK-mediated cleav-
age of LPL serves to inactivate LPL and indicate that N-terminal
LPL is efficiently cleared by the lysosomes.

Besides being part of the degradation of LPL, it can be
hypothesized that PCSK-mediated cleavage of LPL may serve
to separate the N- and C-terminal fragments of LPL, which
each might have specific physiological functions that comple-
ment or extend beyond LPL’s capacity to hydrolyze triglycer-
ides. For example, the C-terminal domain of LPL was previ-
ously found to mediate the margination of triglyceride-rich
lipoproteins to the endothelium (46). However, it is question-
able whether the C-terminal domain alone is capable of trans-
locating to the endothelium via GPIHBP1 (47). Likewise, the
separate fragments are unlikely to bind to HSPGs on the cell
surface, as both monomeric LPL and C-terminal LPL have a

Figure 11. Schematic model of the role of ANGPTL4 in intracellular LPL processing. ANGPTL4 causes the intracellular unfolding of LPL and dissociation of
LPL dimers into monomers, rendering LPL more prone to cleavage by PCSK3. Cleaved LPL is further subject to degradation in lysosomes. This action of
ANGPTL4 leads to reduced secretion of LPL and reduced delivery of LPL to the endothelial surface by GPIHBP1. Besides being subject to further intracellular
degradation, the N- and C-terminal LPL cleavage fragments can also be secreted. Cleavage of LPL may also occur extracellularly (25, 26). PCSK3, proprotein
convertase subtilisin/kexin type 3; GPIHBP1, glycosylphosphatidylinositol-anchored high-density lipoprotein– binding protein 1.
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much lower affinity for HSPGs compared with full-length
dimeric LPL (48, 49). Overall, there is insufficient evidence that
the N- and C-terminal fragments of LPL carry specific biologi-
cal functions and thus that the cleavage of LPL serves any pur-
pose other than LPL degradation.

In conclusion, we demonstrate that LPL is cleaved in adi-
pocytes by PCSK3 and that this cleavage is stimulated by the
LPL inhibitor ANGPTL4. We propose that the stimulation of
LPL cleavage by ANGPTL4 is part of the degradation pathway
of LPL in adipocytes during fasting.

Experimental procedures

All animal experiments were performed in accordance with
Directive 2010/63/EU from the European Union. All animal
studies were reviewed and approved by the Animal Ethics
Committee of Wageningen University.

Chemicals

5-Aminoimidazole-4-carboxamide ribonucleotide, dexam-
ethasone, isobutylmethylxanthine, insulin, rosiglitazone, and
intralipid were from Sigma. dec-RVKR-CMK was from Cay-
man Chemicals (via Sanbio, Uden, The Netherlands).

Human adipose tissue

Human adipose tissue was obtained from the cross-sectional
MONDIAL cohort (50). Briefly, the MONDIAL (markers of
organ health in nondiabetic and diabetics; intestine, adipose
tissue, and liver) study was a cross-sectional study in patients
undergoing bariatric surgery at Rijnstate Hospital/Vitalys clin-
ics in Arnhem, The Netherlands. In this study, tissue samples
were obtained from residual biological material from patients
undergoing either a primary laparoscopic Roux-en-Y gastric
bypass or a primary laparoscopic gastric sleeve procedure. The
study was approved by the local ethics committee of Rijnstate
hospital.

Mouse studies

WT and Angptl4�/� mice on a C57Bl/6 background were
used that were bred and maintained in the same facility for
more than 20 generations (51). Angptl4�/� mice were gener-
ated via homologous recombination of embryonic stem cells
and lack part of the Angptl4 gene, resulting in a nonfunctional
ANGPTL4 protein. The Angptl4�/� mice were imported to our
animal facility in 2006 as strain B6.129P2-Lp139tm1 N10 from
Taconic (Germantown, NY) (kind gift of Dr. Anja Köster, Lilly).
Mice were individually housed in temperature- and humidity-
controlled specific pathogen–free conditions. Mice had ad libi-
tum access to food and water. For the fasting experiment, male
WT and Angptl4�/� mice between the ages of 4 and 6 months
were used. Fasted mice were fasted from 15:00 h and sacrificed
the next day between 9:00 and 10:00 h. Refed mice were fasted
from 15:00 h, refed with chow the next day at 6:00 h, and sacri-
ficed between 9:00 and 10:00 h. Mice were anesthetized with a
mixture of isoflurane (1.5%), nitrous oxide (70%), and oxygen
(30%). Blood was collected by orbital puncture into EDTA
tubes. Mice were euthanized by cervical dislocation, after which
tissues were excised and directly frozen in liquid nitrogen. For
the tissue panel, WT mice (n � 4) were euthanized, and multi-

ple tissues were harvested, snap-frozen in liquid nitrogen, and
stored at �80 °C until further analyses.

Cell culture

3T3-L1 fibroblasts (P7–P16) were maintained in DMEM
(Lonza, Verviers, Belgium) supplemented with 10% newborn
calf serum (Lonza) and 1% penicillin/streptomycin (P/S)
(Lonza). Two days post-confluence, cells were switched to
DMEM, supplemented with 10% fetal bovine serum (FBS), 1%
P/S, 0.5 mM isobutylmethylxanthine, 10 �M dexamethasone, 5
�g/ml insulin for 2 days. Subsequently, cells were maintained in
DMEM supplemented with 10% FBS, 1% P/S, and 5 �g/ml insu-
lin for 6 days and switched to DMEM with 10% FBS and 1% P/S
for 3 days, after which experiments were performed as indi-
cated in the figure legends (52). To examine the accumulation
of N-terminal LPL on the cell surface, mature 3T3-L1 adi-
pocytes were incubated with 10 IU/ml heparin for 20 min.

3T3-F442a cells (P8 –P14; Sigma) were maintained in
DMEM (Lonza), supplemented with 10% newborn calf serum
and 1% P/S. At confluence, cells were switched to DMEM
(Lonza) supplemented with 10% FBS, 1% P/S, and 5 �g/ml insu-
lin (Sigma) to stimulate differentiation. During differentiation,
medium was changed every 2–3 days. After 10 days, cells were
switched back to regular medium and used for experiments 2–3
days later.

For isolation and differentiation of primary adipocytes,
inguinal white adipose tissue was removed from Angptl4�/�

and WT mice and placed in DMEM supplemented with 1% P/S
and 1% BSA (Sigma-Aldrich) (17). Material from 2–3 mice was
pooled, minced with scissors, and digested in collagenase-con-
taining medium (DMEM with 3.2 mM CaCl2, 1.5 mg/ml colla-
genase type II (C6885, Sigma-Aldrich), 10% FBS, 0.5% BSA, and
15 mM HEPES) for 1 h at 37 °C. Following digestion, the cells
were filtered through a 100-�m cell strainer (Falcon) to remove
remaining cell clumps. The cell suspension was centrifuged at
1600 rpm for 10 min, after which the supernatant was removed,
and the pellet was resuspended in erythrocyte lysis buffer (155
mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA). Upon incubation
for 2–3 min at room temperature, cells were centrifuged at
1200 rpm for 5 min, and the pelleted cells were resuspended in
DMEM � 10% FCS � 1% P/S and plated. Upon confluence, the
cells were differentiated according to the protocol as described
above for 3T3-L1 cells, with the addition of 1 �M rosiglitazone
during the initial differentiation step.

For adipose tissue explants, gonadal white adipose tissue was
taken from WT and Angptl4�/� mice and placed in DMEM
supplemented with 1% P/S and 1% BSA. Fat pads were minced
into small pieces and divided into small mounds of adipose
tissue (�50 –100 mg of tissue). Adipose explants were placed
into wells containing medium (DMEM with 1% P/S and 10%
FCS) and incubated as indicated in the figure legends. Next, the
medium was harvested, and explant weights were determined.
Explants were immediately lysed to prepare protein extracts.

siRNA-mediated knockdown

Dharmacon ON-TARGETplus SMARTpool siRNAs against
mouse Pcsk3 and Angptl4 were purchased from Thermo Fisher
Scientific (Landsmeer, The Netherlands). siRNAs were diluted
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in Dharmacon 1� siRNA buffer (final concentration 20 mM

KCl, 6 mM HEPES, pH 7.5, 0.2 mM MgCl2). Transfections for
Pcsk3 were performed with Lipofectamine RNAiMAX trans-
fection reagent (Life Technologies, Bleiswijk, The Netherlands)
at a concentration of 10 nM siRNA and 1.5 �l of Lipofectamine
for a 24-well plate. Transfections for Angptl4 were performed at
a concentration of 25 nM siRNA and 2 �l of Lipofectamine in a
24-well plate. To examine the impact of either knockdown on
LPL cleavage, mature 3T3-L1 adipocytes were washed with
PBS, trypsinized, and collected in DMEM. Following centrifu-
gation at 1250 rpm for 5 min, pelleted cells were resuspended
and filtered through a 70-�m cell strainer. Adipocytes were
plated at 70% confluence, and 2 h later, siRNAs complexed to
Lipofectamine were added. Cleavage of LPL was examined after
48 h of incubation.

Western blots

Mouse or human fat pads, adipose tissue explants, differen-
tiated primary adipocytes, and differentiated 3T3-L1 and 3T3-
F442a adipocytes were lysed in RIPA buffer (25 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS; Thermo
Fisher Scientific) supplemented with protease and phosphatase
inhibitors (Roche Diagnostics, Almere, The Netherlands). Fol-
lowing homogenization, lysates were placed on ice for 30 min
and centrifuged 2–3 times at 13,000 rpm for 10 min at 4 °C to
remove fat and cell debris. Concentration of protein lysates was
determined by using a bicinchoninic acid assay (Thermo Fisher
Scientific). Protein lysates (10 –30 �g of protein/lane) or
medium aliquots (10 –15 �l) were loaded onto 8 –16% or 10%
Criterion gels (Bio-Rad, Veenendaal, The Netherlands). Next,
proteins were transferred onto a polyvinylidene difluoride
membrane using the Transblot Turbo System (Bio-Rad). Mem-
branes were probed with a goat anti-mouse LPL antibody (28),
mouse anti-human LPL antibodies 88b8 and 5D2 (27), a goat
anti-human LPL antibody (Y-20, Santa Cruz Biotechnology), a
rabbit anti-mouse HSP90 antibody (Cell Signaling Technology,
catalog no. 4874), a rat anti-mouse ANGPTL4 antibody (Kairos
142-2, Adipogen), a mouse anti-mouse �-TUBULIN (sc-5274,
Santa Cruz Biotechnology), or a rabbit anti-mouse PCSK3
(Abcam, ab183495) at 1:5000 (mLPL), 1:2000 (HSP90), or
1:1000 (PCSK3, ANGPTL4, hLPL, and �-TUBULIN) dilutions.
Blocking and the incubation of primary and secondary antibod-
ies were all done in TBS, pH 7.5, 0.1% Tween 20 (TBS-T), and
5% (w/v) skimmed milk. In between, membranes were washed
in TBS-T. Quantification was performed with the ChemiDoc
MP system (Bio-Rad) and Clarity ECL substrate (Bio-Rad).
Equal loading of medium samples was verified by Coomassie
Blue staining.

Glycosylation of ANGPTL4 and LPL

Glycosylation of ANGPTL4 and LPL was analyzed by West-
ern blotting, as described above, after digestion of 10 –20 �g
with EndoH, PNGase, or Protein Deglycosylation Mix (New
England Biolabs), according to the manufacturer’s instructions.

RNA isolation and quantitative PCR

To isolate RNA, tissues or cells were homogenized using
TRIzol (Thermo Fisher Scientific) in a Qiagen Tissue Lyser II

(Qiagen, Venlo, The Netherlands) or by pipetting up and down.
RNA was reverse-transcribed using the First Strand cDNA syn-
thesis kit (Thermo Fisher Scientific). Quantitative PCR analyses
were done on a CFX384 real-time PCR platform (Bio-Rad) with
the SensiMix PCR mix from Bioline (GC Biotech, Alphen aan
de Rijn, The Netherlands).
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